ABSTRACT: The metrics and dynamics of saccades to stationary and moving targets were observed in monkeys (Macaca mulatta). To isolate the effects of target speed on the saccade from contributions of smooth pursuit, saccade velocity was corrected for intrasaccadic pursuit velocity on a trial-by-trial basis prior to analysis. The effects of presaccadic retinal error and target speed on the saccadic velocity profile were determined by analyzing the partial correlations computed as a function of time after saccade onset. The main results are: (1) Saccade amplitude is determined not only by the retinal error sampled before the saccade, but also by the speed of the target during the latency period.
INTRODUCTION
Small visual objects are brought onto the fovea, the region of highest visual acuity, by means of saccades. The eye takes about 180 to 200 ms to bring a stationary object on the fovea (latency). 1 During this time, the central nervous system derives the saccadic motor command from the presaccadic retinal error-the distance between the present and the desired eye position. Various experiments have shown that the time needed for this processing (dead interval) amounts to 80 to 100 ms. 1 Becker and Jürgens 2 conducted a double-step experiment in which a target was shown at two different locations with various time delays. When the second target step occurred later than 100 ms before the saccade onset, this second step could not be accounted for by the eye movement.
The eye is also able to make saccades to moving targets. When the target suddenly appears, the initial movement is usually a saccade that is followed by smooth-pursuit eye movements (SPEM). A saccade can also occur during ongoing SPEM, when the target position is suddenly changed (catch-up saccade). It is still unclear how a saccade is programmed under these conditions. If the retinal error 80 to 100 ms before saccade onset is used, an error will occur, because the target will have moved further during this time. Thus, the eye needs additional information (e.g., target velocity) to improve the accuracy of the saccade. In earlier experiments in humans 3, 4 no evidence was found that target velocity information is used to program catch-up saccades. However, in later studies, Keller et al. 5 in the monkey and de Brouwer et al. 6 in the cat found a strong correlation between target velocity and the amplitude of the catch-up saccade. Gellmann and Carl 7 found that the amplitude of the catchup saccade corresponded to the target position 55 ms before the saccade onset, which is shorter than the 80-to 100-ms dead interval before the saccade. This also indicates that additional information is used besides retinal error. Thus, more recent studies show that target velocity influences saccade amplitude.
The question arises as to whether these velocity-induced amplitude changes are also reflected in the saccade dynamics. It is well established that saccades to stationary targets are on a main sequence 8 that determines the relation between saccade amplitude, velocity, and duration. While recording from the superior colliculus (SC), Keller et al. 5 presented circumstantial evidence for different dynamics of saccades to moving targets. Also, in recent studies on the interaction of saccades and SPEM in cat 6 and humans, 9,10 saccades to moving targets were shown to differ in speed and duration from saccades to stationary targets. These differences in saccade dynamics have been attributed to the superposition of main sequence saccades and pursuit (superposition hypothesis).
Detailed knowledge about the dynamics of saccades to moving targets will also help to better understand the cooperation of various brain areas in the generation of saccades. The immediate premotor structures for saccades are the paramedian pontine reticular formation (PPRF) for horizontal saccades, and the rostral interstitial nucleus of the median longitudinal fasciculus (riMLF) for vertical and torsional saccades. 11 In the following, we will refer to only the PPRF. The PPRF receives input from several structures, including the SC and the cerebellum. The SC is known to encode in retinal coordinates, 5, 12 indicating that additional signals outside the SC are required to account for saccades to moving targets, which might derive from the cerebellum. Here, the oculomotor vermis (OV) 13 and the underlying caudal fastigial nucleus (fastigial oculomotor region, FOR) 14, 15 have been shown to be involved in saccade control. 16, 17 Lesions here lead to severe disorders of saccadic accuracy (dysmetria). 18, 19 Recently, Optican and Quaia 20 modeled the cooperation of SC and OV/FOR in the generation of saccades to moving targets. In this model, the target velocityrelated component was contributed by OV/FOR.
In the present study in the monkey saccades of the same amplitude to stationary and moving targets were compared. Although smooth-pursuit contribution to the initial catch-up saccade was minimal with the stimulus applied, saccade velocity was corrected for smooth pursuit. It was found that saccades to forward-moving targets have less and saccades to backward-moving targets more deceleration than saccades to stationary targets. These differences may support the hypothesis that the cerebellum is involved in the fine control of the deceleration phase of the saccade.
METHODS
Monkeys (Macaca mulatta) were trained to fixate a small light spot on a video monitor. Each trial started with the light spot at the center of the screen. From here the target stepped between 5° and 10° to the right or left. After this the target remained stationary or moved immediately 10 deg/s in the same or opposite direction as the initial target step. This led to saccades to a stationary, forward-moving, or backward-moving target (for brevity, we will now refer to these saccades as stationary, forward, or backward saccades). For these three trial types step amplitudes were chosen in such a way that after 220 ms (the sum of the assumed latency and saccade duration) all targets had the same eccentricity of 7°. This resulted in a step amplitude of 4.8 deg or 9.2 deg for the forward-or backward-moving target, respectively. Two further trial types consisted of two stationary targets with the same step amplitudes as the moving targets. The different stimuli were presented at random. About 300 to 420 saccades were recorded in each monkey for each trial type.
During the experiments the monkey sat with its head fixed in a primate chair. (For details of surgery see Boyle et al. 21 ) Eye position was recorded with the search-coil method using a 40-× 40-× 40-cm three-field system (Remmel Labs, Ashland, MA). The calibration method has been described elsewhere. 22 Eye position and target position signals were sampled at a frequency of 1 kHz and stored on a hard disk for further analysis. Start and end of a saccade were defined as the points at which eye velocity rose above or fell below 10% of the peak velocity, respectively.
The forward-and backward-moving targets led to SPEM after the initial stepinduced saccade. There is also evidence that a SPEM component is added to a saccade. 9, 10 To estimate this SPEM contribution, the eye velocity 50 ms before and during an interval of 300 ms after the saccade was determined, and the SPEM-related eye velocity during the saccade approximated by an exponential function. Saccade data were corrected for SPEM by subtracting this exponential fit from the original eye velocity. Eye position data were computed by integrating the corrected eye velocity.
The quantitative analysis of the effects of presaccadic retinal error (RE) and target speed (V) on the eye velocity (EV) during the saccade were based on the following linear regression:
The dependent variable was the eye velocity EV at a certain time (t) after saccade onset. In accordance with the results of Becker and Jürgens, 2 the presaccadic retinal error was measured 100 ms before saccade onset.
The time variant parameters c 0 , c 1 , and c 2 were determined by minimizing the sum of squares of the residual noise r across all saccades to the five different trial types (three stationary and two moving targets). Because target speed and retinal error were statistically not independent in our experimental design, the relevance of RE or V for the explanation of EV(t) could not be evaluated on the basis of the two Pearson's product moment correlations. Instead, the partial correlations 23 between RE or V and EV were used. These partial correlations were calculated as a function of the time (t) after saccade onset by
where R denotes the coefficient of multiple correlation in the regression shown in Equation 1. Pearson's product moment correlations between EV(t) and V or between EV(t) and RE are indicated by r EV,V or r EV,RE , respectively.
RESULTS

General Saccade Properties and Smooth-Pursuit Contribution
Monkeys readily made saccades to the stationary or moving target with a latency of 150 to 300 ms. Saccades used for further analysis had an amplitude of 6 to 7 deg, with peak velocities ranging from 200 to 250 deg/s. Linear approximation of the dependence of peak velocity on amplitude yielded a slope of 26 s −1 . Latency varied between 150 and 300 ms, and was on average very similar for stationary and moving targets. For saccades to moving targets, no SPEM component was evident before the saccade. The detailed analysis showed that for targets moving in the opposite direction of the initial target step, the eye velocity for the 50-ms period before saccade onset was small (<0.4 deg/s), and actually in the direction of the saccade and not in the direction of the moving target. When the saccade and the moving target were in the same direction, the eye velocity before the saccade did not exceed 1 deg/s. During 200 to 300 ms after the saccade end, the eye velocity ranged from 2 to 5 deg/s for different monkeys. Thus, in this time period, the SPEM velocity was still well below the target velocity of 10 deg/s. Based on the eye velocities before and after the saccade, the estimated (calculated) SPEM-related velocity contribution during the saccade was less than 3 deg/s. Despite these small values, in most instances values were corrected for this smooth-pursuit contribution.
Dynamics of Saccades with the Same Amplitude
The step amplitudes of the 7-deg pure-step and the step-ramp stimuli were adjusted to obtain saccades with the same amplitude. However, even with the same mean of the saccade amplitude, a different distribution of the amplitude histograms for different groups could affect the comparison of saccade peak velocity and duration. To avoid this, subsamples as large as possible with similar amplitude histograms were taken for forward and backward saccades, and saccades to stationary targets. A comparison of these subsamples revealed clear differences in peak velocity and saccade duration between forward and backward saccades.
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Backward saccades had higher peak velocities and shorter duration than forward saccades. The differences were highly significant for all monkeys (t-test, P < .001), with values of 35 to 40 deg/s (peak velocity differences) and 8 to 12 ms (saccade duration differences) for different monkeys. The values for saccades to stationary targets were in between. For these saccades, the absolute values for peak velocity were 220 to 260 deg/s, with a duration of 40 to 60 ms (FIG. 1) .
Effects of Retinal Error and Target Speed on the Time Course of Saccadic Eye Velocity
The differences in peak velocity and saccade duration between forward and backward saccades with identical amplitudes show that saccade dynamics are affected by target speed. A further question is at what time during the saccade this effect occurs. Because trials with forward-and backward-moving targets differed not only in target speed (V) but also in the size of the RE, the relevance of both of these parameters for saccadic eye velocity was quantified. The analysis of the partial correlations (see METHODS) showed that the effect of the retinal error on the velocity profile was significant (P < .05) during the entire saccade duration, whereas the effect of target FIGURE 1. Mean peak velocities (top) and mean saccade duration (bottom) for the three different trial types (forward: step-ramp, +10 deg/s; stationary: pure step; backward: step-ramp, −10 deg/s); and for three monkeys (A, B, C). The time course of the velocity of each saccade was corrected for smooth pursuit before peak velocity and duration were evaluated. Whiskers indicate ±1 SEM (300 < n < 420).
speed did not emerge before 23 ms after saccade onset (FIG. 2, dashed) . The maximum partial correlation, PC EV,V = 0.41, occurred 34 ms after saccade onset. Across the five different trial types used in this analysis, the peak velocity occurred on average 22 ± 8 ms after saccade onset (n = 1953). Thus, the effect of target speed on saccadic eye velocity was observed only during the deceleration phase of the saccade. The maximum sensitivity of eye velocity to target speed was c 2 (t = 39 ms) = 3.1, indicating that a target speed of ±10 deg/s could affect eye velocity by ±31 deg/s.
The partial correlation PC EV,RE between eye velocity and presaccadic retinal error (FIG. 2, solid) showed a maximum of 0.65 at the beginning of the deceleration phase (29 ms after saccade onset). During the acceleration, the relevance of the retinal error for eye velocity was much smaller (PC EV,RE (t = 10 ms) < 0.3). This observation was also reflected in the sensitivity of eye velocity to retinal error, which reached a maximum of c 1 (t = 25 ms) = 20.6 s −1 . As expected, this value is similar to the slope of saccade peak velocity with respect to changes of saccade amplitude (26 s −1 ; see "General Saccade Properties"). During the acceleration this sensitivity was much smaller (c 1 (t = 10 ms) = 9.7 s −1 ).
FIGURE 2. Partial correlations were computed for the eye velocity at different times (t) after saccade onset (abscissa). Solid: partial correlation (PC EV,RE ) between retinal error (RE) and eye velocity (EV). Dashed: partial correlation (PC EV,V ) between target speed (V) and eye velocity (EV) (see Eq. 2).
The analysis was performed across all saccades of one monkey recorded with the five different trial types (n ≈ 2000). The partial correlations PC EV,V (t) that do not differ significantly from zero (P > .05; t < 23 ms) are plotted in gray. The shaded area indicates the time range (mean ± 2 SD) of the occurrence of peak velocity. The effect of target speed does not emerge before the time of peak velocity, whereas the retinal error (solid line) affects eye velocity during the entire saccade.
Saccades to Stationary and Moving Targets with Identical Presaccadic Retinal Error
The analysis of partial correlation, which determined the relevance of target speed for eye velocity, did not differentiate between forward-and backward-moving targets. To check for possible asymmetries between the effects of forward-and backward-moving targets, velocity profiles of saccades to stationary targets were compared separately with forward and backward saccades. To isolate the effect of target speed, only saccades with identical RE were compared. The solid lines of FIGURE 3A show the average eye velocity of all saccades to backward-moving targets. The mean RE of these saccades was 8.0 deg. This retinal error did not fit that of the large stationary (step amplitude = 9.2 deg; mean RE = 9.1 deg) or that of the medium-size stationary trial type (step amplitude = 7 deg; mean RE = 6.9 deg). Therefore, the velocity profile (EV comp ) of the stationary saccade with a retinal error of 8.0 deg was computed as the weighted sum of the mean velocity profiles for the medium and large stationary target steps. FIGURE 3A shows that the velocity profiles of stationary and backward saccades with identical presaccadic retinal error do not differ before the time of peak velocity. This confirmed the result of the analysis of partial correlation, that is, that the acceleration phase of saccades was determined by the retinal error and was not affected by target speed. The deceleration of the saccade velocity was stronger for backwardmoving targets than for stationary targets. FIGURE 3B shows the mean velocity trace of the forward saccades (solid; mean RE = 5.9 deg). The velocity profile of the stationary saccade with the same retinal error was calculated by interpolating between the velocity profiles for the medium and the small stationary target steps. The mean retinal error for the small stationary steps (step amplitude = 4.8 deg) was 4.7 deg. The interpolation was computed by analogy to Equation 3:
Like backward-moving targets, forward-moving targets also did not affect the acceleration phase of the saccades. The deceleration of the saccade velocity was weaker for forward-moving targets than for stationary targets ( see FIG. 3B) . Thus, the effects of target speed on the saccade velocity profile are antisymmetrical for forward and backward motion. This confirms the approach of the linear regression (Eq. 2), that is, the use of only a common velocity gain factor c 1 (t) for forward-and backwardmoving targets.
DISCUSSION
This study investigated the effects of presaccadic retinal error and target speed on reflexive saccades. The main findings were:
(1) Saccade amplitude is determined not only by the retinal error sampled before the saccade, but also by the speed of the target during the latency period. (2) The dynamics of saccades, even if compensated for smooth-pursuit components, differ between forward-and backward-moving targets. (3) Whereas the presaccadic retinal error affects the eye velocity throughout the saccade, target speed has no effect before peak velocity.
The observation that for saccades with identical amplitude the presaccadic retinal error was smaller for those to forward-moving (RE = 5.9 deg) than to backward-moving (RE = 8.0 deg) targets implies that the saccade did not land at the position of the target 100 ms before saccade onset. With respect to that position, the landing position was displaced in the direction of target motion. This finding corresponds to the results of Gellman and Carl 7 and confirms that for constant target velocity the saccadic system can (partially) account for the target displacement during the dead interval. This mechanism, which can be described as a velocity extrapolation, is a feature of the saccadic system and cannot be explained by the superposition of smooth pursuit, because we observed (again in agreement with Gellman and Carl 7 ) this effect under experimental conditions in which the presaccadic pursuit velocity was very low. Moreover, our analysis isolated the effect of target speed on the saccadic component by compensating for the (small) pursuit contribution in each individual saccade.
There are two alternative explanations for how the saccadic system accounts for constant target velocity during the dead interval. First, the target velocity signal could lead to a modification of the position error sampled 100 ms before the saccade,
which is then dynamically processed in the same way as a motor position error induced by a stationary eccentric target. In this case, if the target velocity signal enters the process of saccade generation outside and before the local feedback loop, [24] [25] [26] [27] then saccades would have identical dynamics for moving and for stationary targets. Alternatively, if the target velocity signal entered the process of saccade generation within rather than before the local feedback loop, target speed would affect not only the saccade amplitude but also the saccade dynamics. In this study we found considerable evidence for saccade dynamics being affected by target speed, that is, for the second explanation. Saccades to forward-moving targets showed smaller peak velocity and longer duration than saccades with the same amplitude to backward-moving targets ( see FIG. 1 ). Like the effect of target speed on saccade amplitude, this effect on the saccade dynamics cannot be explained by superposition of saccade and pursuit, because our analysis compensated for the small smooth-pursuit contributions. Thus, this finding suggests that target speed can affect saccade generation on the level of the local feedback loop. This effect of target speed may depend on the condition of our experiment that there was no pursuit activity before the saccade. Other studies investigating saccades during predictive or ongoing smooth pursuit obtained evidence for the superposition of smooth pursuit and saccades. 6, 9, 10 The finding that maximum partial correlation between saccadic eye velocity and target velocity (PC EV,RE ), as well as the maximum partial correlation between saccadic eye velocity and presaccadic retinal error (PC EV,V ) occurred at the beginning of the deceleration phase fits well with a feature of many recent models of saccade generation. The brain-stem medium lead burst neurons (MLBNs), which recruit the extraocular motoneurons of the eye plant, saturate during the acceleration phase of the saccade. [28] [29] [30] Consequently, any changes of the activity within the local feedback loop that occur during the saturation of the MLBNs will affect neither the extraocular motoneurons nor the time course of the saccadic velocity, as long as the burst neurons are in saturation. This explains why the partial correlation PC EV,RE (<0.3) during the acceleration phase is small, because at that time effects of the presaccadic retinal error must be induced during the short time before the MLBNs saturate. The finding that the target speed did not affect the saccade before the time of peak velocity suggests that there is no signal of target speed available before the MLBNs saturate. This may be due to delays in the processing of target speed, although the visual information used is sampled 100 ms or more before saccade onset. Thus, our finding is compatible with the generally accepted concept that saccades are performed without visual feedback.
These results clarify that the smaller peak velocity of forward saccades (compared to backward saccades with the same amplitude) is fully due to the smaller presaccadic retinal error of these forward saccades. According to this retinal error, forward saccades were initially planned for a small amplitude and small peak velocity. But then, the amplitude was enlarged by a weakened and prolonged deceleration. The modification of the deceleration phase was probably due to a signal related to target speed that entered the local feedback loop and caused a prolonged burst duration of the MLBNs. Correspondingly, the stronger and shorter deceleration of backward saccades may be explained by a target speed signal with the opposite sign that shortened the burst duration of the MLBNs.
All structures participating in the local feedback loop are potential candidates for neural structures involved in the modification of saccade dynamics based on target speed. Although it is not exactly clear which anatomical structures outside of the brain stem participate in the feedback control of saccadic eye movements, the major structures that play a role are the oculomotor vermis and the caudal fastigial nuclei in the cerebellum. The superior colliculus has also been considered as part of a feedback circuit controlling the burst of the MLBNs. 31 Keller et al. 5 observed that the same cells in the burst layer of the superior colliculus were active, independent of whether saccades were prolonged or shortened due to onward or backward target speed. They hypothesized that the activity in the superior colliculus depends on the presaccadic retinal error, and a second pathway is responsible for the effects of target speed on saccade amplitude. In agreement with this hypothesis, as well as with the model of Optican and Quaia, 20 we suggest that the oculomotor vermis and the caudal fastigial nuclei may contribute to the capability of the saccadic system to modify saccade dynamics to improve the accuracy for moving targets. However, further neurophysiological work is necessary to determine the contribution of the superior colliculus and the cerebellum to this saccade control process.
